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A variety of techniques are available enabling both invasive measurement, where the monitoring
device is installed in the medium of interest, and noninvasive measurement where the monitoring
system observes the medium of interest remotely. In this article we review the general techniques
available, as well as specific instruments for particular applications. The issues of measurement
criteria including accuracy, thermal disturbance and calibration are described. Based on the relative
merits of different techniques, a guide for their selection is provided. © 2000 American Institute
of Physics. @S0034-6748~00!03708-4#NOMENCLATURE
B constant
c speed of light (33108 m/s)
h Planck’s constant (6.626310234 J s)
E Young’s modulus
El ,b blackbody emissive power
k Boltzmann’s constant (1.38310223 J/K)
K bulk modulus
p pressure
R characteristic gas constant
R resistance
I. INTRODUCTION
Temperature is one of the fundamental thermodynamic
properties. The unit of thermodynamic temperature, also re-
ferred to as Kelvin temperature or absolute temperature, is
kelvin ~K! and is defined in terms of the interval between the
absolute zero and triple point of pure water, 273.16 K; kelvin
is the fraction 1/273.16 of that temperature. In addition to the
thermodynamic temperature, the Celsius ~°C! temperature is
defined as equal to the thermodynamic temperature minus
273.15 and the magnitude of 1 °C is numerically equal to 1
K. The current international temperature scale, ITS-90, de-
fines a scale of temperature in five overlapping ranges.1
These are
~1! 0.65–5 K using vapor pressures of helium,
~2! 3–24.5561 K via an interpolating constant volume gas
thermometer,
~3! 13.8033–273.16 K using ratioed resistances of platinum
resistance thermometers calibrated against the triple
points of various materials,
~4! 273.15–1234.93 K using platinum resistance thermom-
eters calibrated at fixed freezing and melting points, and
~5! above 1234.94 K using the Planck law of radiation.
a!Electronic mail: p.r.n.childs@sussex.ac.uk2950034-6748/2000/71(8)/2959/20/$17.00
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RT resistance at T
T temperature
V volume
Vv variable volume
u speed of sound
g isentropic index
l wavelength
r density
s Stefan–Boltzmann constant (5.6731028 W/m2 K4)
v frequency
The range of techniques for the measurement of tem-
perature is extensive, utilizing such diverse phenomena as
thermoelectricity, temperature dependent variation of the re-
sistance of electrical conductors, fluorescence and spectral
characteristics. Additionally, the requirements for a tempera-
ture measurement may allow direct contact with the medium.
Alternatively this may not be possible or desirable and a
noninvasive method may be used. For convenience the vari-
ous measurement techniques can be classified into three cat-
egories depending on the nature of contact which exists be-
tween the measuring device and the solid, liquid or gaseous
medium of interest.
~1! Invasive. The measuring device is in direct contact with
the medium of interest, e.g., a thermocouple in a gas
stream.
~2! Semi-invasive. The medium of interest is treated in some
manner to enable remote observation, e.g., surface coat-
ings whose color changes with temperature.
~3! Noninvasive. The medium of interest is observed re-
motely, e.g., infrared thermography.
Invasive, semi-invasive and noninvasive temperature
measurements are discussed in Secs. II, III and IV, re-
spectively.9 © 2000 American Institute of Physics
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for 75%–80% of the worldwide sensor market.2 In the selec-
tion of a particular method of measuring temperature, con-
sideration may be given to accuracy, sensitivity, life, size,
cost, manufacturing constraints, dynamic response, tempera-
ture of operation and robustness. The accuracy of a measure-
ment technique depends on a number of factors such as cali-
bration against the absolute temperature scale, thermal
disturbance due to the method of installation, transducer out-
put monitoring and instability effects. These aspects are con-
sidered in Secs. II–IV for the individual categories of mea-
surement discussed and in Sec. V, which provides a guide to
the relative merits of the different measurement techniques
that are available.
II. INVASIVE TEMPERATURE MEASUREMENT
TECHNIQUES
Invasive instrumentation involves the installation of a
physical sensor on or within the component, like a turbine
blade or a medium of concern as with an exhaust gas. The
range of invasive instrumentation is diverse: gas and liquid-
in-glass thermometers, thermocouple and resistance tempera-
ture devices are commonly known examples. While some of
these devices, such as gas thermometers, are more suitable
for a calibration laboratory, they are included here for com-
pleteness and for their role in defining the accuracy of other
sensors.
The use of invasive instrumentation involves a distur-
bance, which manifests itself as a difference between the
temperature being measured and that which would exist in
the absence of the instrumentation. The temperature reached,
for example, by an invasive instrument in contact with a gas
stream is determined by the balance of convective heat trans-
fer from the gas to the sensor surface, conduction in the
sensor itself and its supports and connections, and radiative
heat transfer between the sensor and its surroundings. Fig-
ures 1 and 2 illustrate the thermal distortion caused by the
insertion of thermocouple wires encapsulated in ceramic
paste in a steel block for steady state conditions. Prior to
installation the temperature profiles would have been hori-
zontal for the boundary conditions imposed. At the middle of
the ceramic filled channel the temperature calculated is 373.6
K. This compares with a temperature of 377.4 K at this lo-
cation in the absence of the thermal distortion.
FIG. 1. Boundary conditions for a chrome steel component with a thermo-
couple installed in a channel filled by ceramic paste.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lA. Temperature measurement by thermal expansion
The expansion of materials with temperature can be uti-
lized to measure temperature. Fluid thermometry covers a
range of devices from the constant volume and constant pres-
sure gas thermometers used in calibration to liquid-in-glass
thermometers. The expansion of solids is used in devices
such as bimetallic strips.
1. Gas thermometry
The ideal gas law forms the basis of gas thermometry;
the temperature is obtained from a measurement of pressure
and/or volume. Used directly in this way, the accuracy de-
pends on, among other things, the value of the gas
constant.3,4 As a result, a number of methods have been de-
vised that eliminate the need for knowing it. The four tech-
FIG. 2. Calculated thermal disturbance caused by the installation of ther-
mocouple wires encapsulated in ceramic paste in a chrome steel component.
FIG. 3. Schematic of four types of gas thermometer ~adapted from Ref. 5!.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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taining either a constant pressure or a constant volume and/or
a constant bulb temperature. In Fig. 3, T1 refers to an accu-
rately known reference temperature, as defined by, say, a
triple point, and T2 is the temperature to be measured. The
diagrams on the left side show the schematic arrangement
and thermodynamic properties at the reference condition;
those on the right side, at the measuring condition.
The most common method is constant volume gas ther-
mometry. For this method, a bulb containing the gas is im-
mersed into a fluid at the known reference temperature T1 ,
and the pressure p1 is measured under conditions of thermal
equilibrium and again at temperature T2 , from which
T25T1
p2
p1
. ~1!
For a constant pressure gas thermometer, there are two
bulbs and one is always immersed at the reference tempera-
ture T1 ~where for T2.T1 , Vv50!. When the sensing bulb
is at T2 , the pressure is maintained constant by allowing the
volume Vv to vary. The temperature T2 is then given by
T25
VT1
V2Vv
. ~2!
In a constant bulb-temperature device, one bulb is al-
ways immersed at T1 and the other always at T2 . At the
reference condition the variable volume Vv50; at the mea-
suring condition Vv expands until the pressure reaches half
that at the reference condition and so
T25
VT1
Vv
. ~3!
In the two-bulb device, the separate pressures p1 and p2
are measured at the reference condition and the common
pressure p at the measuring condition from which
T25
V2T1
V1
~p2p2!
~p12p !
. ~4!
Use of Eqs. ~1!–~4! to determine T2 of course assumes
ideal behavior of both the gas and the equipment. The prac-
tical application is not so simple and for accurate measure-
ments consideration must be given to both the nonideal na-
ture of real gases and inherent inadequacies of the equipment
used. The behavior of real gases may be modeled using the
virial equation. This can be expressed in a number of ways;
a form appropriate to constant volume gas thermometry ~and
for modifying the gas thermometry equations given above! is
p5S RTV 1 B~T !V2 1 C~T !V3 1 D~T !V4 1 . . . D , ~5!
where B(T), C(T) D(T), etc. are the second, third and
fourth virial coefficients. These coefficients have been evalu-
ated for a wide range of gases at various temperatures ~see,
for example, Refs. 6–12!.
Examples of the utilization of constant volume gas ther-
mometry are reported by Guildner and Edsinger,7 by Berry,9
Kemp et al.10 and in Refs. 13–16. It is used to define theloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lITS-90 between 3 and 24.5561 K.1 Corrections to account
for the behavior of the measuring apparatus include
~1! the dead space in connection tubes;9
~2! thermal expansion of the gas bulb;17,18
~3! the difference in density of the gas at different levels in
the pressure sensing tubes;9,17
~4! a thermomolecular pressure correction to account for
temperature differences along the pressure sensing
tube;9,19,20
~5! the absorption of impurities in the gas.9,17,21
Gas thermometers are mostly used for measurements in
the range of a few K to approximately 1000 K. At the lower
temperatures, better accuracy may be obtained by measuring
the vapor pressure of a cryogenic liquid.22–24 The use of such
vapor pressure thermometry over gas thermometry at tem-
peratures below 4.2 K was recommended by Pavese and
Steur.17
The accuracy of gas thermometry measurements de-
pends on the care taken and the temperature range. For ex-
ample Pavese and Steur17 reported an accuracy of 0.5 mK for
temperatures between 0.5 and 30 K. The method is generally
expensive and restricted to detailed scientific experiments,
calibration and standards laboratories.
2. Liquid-in-glass thermometers
Liquid-in-glass thermometers permit a quick visual indi-
cation of temperature that can with care be very accurate.
The traditional liquid-in-glass thermometer comprising a res-
ervoir and capillary tube supported in a stem follows the
designs proposed by Daniel Fahrenheit in 1714. A number of
types of thermometer exist including total, partial, and com-
plete immersion, depending on the level of contact between
the medium and the sensor.
Liquid-in-glass thermometers can be calibrated at a
number of fixed points and a scale applied to a stem support-
ing the capillary tube to indicate the range and value of the
temperature. The accuracy for industrial glass thermometers
depends on the actual device and values range from 60.01 to
64 °C.25 Laboratory glass thermometers can achieve accu-
racy levels of 60.005 °C. Inaccuracy can occur due to non-
uniformities in the manufacture of the capillary bore. If the
capillary has a given diameter at the calibration points but
varies in between, then the device will appear accurate at the
calibration points in use but will be inaccurate at intermedi-
ate temperatures. The design and use of liquid-in-glass labo-
ratory thermometers are detailed by Refs. 25–29. Mercury-
in-glass thermometers are increasingly being replaced by
relatively cheap resistance devices ~see Sec. II C! giving a
digital readout or by thermally sensitive paint devices which
give an obvious visible indication of the temperature ~Sec.
III A!. Nevertheless there is still an abundance of liquid-in-
glass devices and their use, due to simple like for like re-
placement, will continue.
3. Thermal expansion of solids
These devices take advantage of the difference in ther-
mal expansion between different materials, usually metals.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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ence to platinum with a cold junction at 0 °C for a
selection of materials.Strips of different metals are bonded together to form a bi-
metallic strip and when heated the side with the higher co-
efficient of thermal expansion will expand more causing the
assembly to bend.30–32 This bending can be translated into a
temperature reading by a mechanical linkage to a pointer
with an accuracy of approximately 61 °C. An advantage of
these devices is that they do not require a power supply.
Their use as temperature controllers is widespread.
B. Thermoelectric devices
Thermocouples are frequently referred to as the work-
horse of temperature measurement with different devices ca-
pable of monitoring temperatures between 2270 and
3000 °C. Thermocouples are commonly used because of
their low cost, simplicity, robustness, size, and temperature
range. Their sensitivity is adequate for many applications as
is their speed of response but they are less accurate than
resistance temperature devices; they require an independent
measurement of junction temperature and extension cables
can be expensive. The basis of these devices is the Seebeck
effect. This is the production of an electromotive force ~emf!
in a circuit of two dissimilar conductors experiencing a ther-
mal gradient.
The variation of thermoelectric power is illustrated in
Fig. 4 which gives the emf generated by a thermoelement
relative to platinum with one junction held at 0 °C and the
other at an increasing temperature. This chart can be used to
aid the selection of combinations of materials in the design
of thermocouples. Often the goal is maximum thermoelectric
emf in which case a thermocouple pair should be selected,
one with a large positive and one with a large negative emf.
The thermocouple materials must however be chemically
compatible and Miedema33 and Pollock34 have provided in-
formation on many suitable alloy combinations.
Thermocouples can be categorized as noble metal, base
metal, high temperature or refractory metal, and nonmetal.35
Noble metals are relatively inert, although platinum, for ex-
ample, oxidizes at 600 °C. Their use in thermocouples stems
from their chemical stability and thermoelectric power ~see
Fig. 4!. Certain base metals such as copper, iron, nickel,
aluminum, and chromium, as well as their alloys with addi-
tional impurities, can be used to produce materials, e.g., con-
stantan and Chromel, with desirable thermoelectric charac-
teristics, particularly for low and moderate temperatures. Forloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lhigher temperature applications, the refractory metals such as
tungsten, rhenium, some tungsten and rhenium alloys, and
molybdenum can be used. Tungsten and rhenium have very
high melting points, 3410 and 3280 °C, respectively, and
have either been used alone or alloyed with other material for
thermocouples. Such metals oxidize easily and must not be
exposed to oxidizing atmospheres at high temperatures or
oxidizing agents. Nonmetals such as carbon, boron, and car-
bide and boride compounds are generally brittle and have
low tensile strengths. Practical thermocouples using nonmet-
als can result in relatively large composite rods.
The number of thermocouple material combinations
available is extensive; the characteristics of over a 150 were
tabulated by Kinzie.36 The criteria for thermocouple selec-
tion include cost, maximum and minimum operating tem-
peratures, chemical stability, material compatibility, atmo-
spheric protection, mechanical limitations, duration of
exposure, sensor lifetime, sensitivity, and output emf.37
Descriptions of the various commonly available standardized
thermocouples are presented in Table I. It should be noted
that only type E, T, and K thermocouples have proven them-
selves useful for cryogenic use.38 There are several special
gold–iron alloys that supplement the type E in the cryogenic
region. The properties of a variety of thermocouples for
operation at more elevated temperatures are presented in
Table II.
Variations in the homogeneity of the alloys used for
thermocouple cable have resulted in the use of standards for
defining thermocouple wire conformity see, for example,
Refs. 46–48. For type K and N thermocouples class 1 ther-
mocouple wire material conforms to 61.5 °C or 0.004T for
T.375 °C; class 2 thermocouple wire material conforms to
62.5 °C or 0.0075T for T.333 °C.
Practical monitoring of a thermoelectric emf requires
some form of circuit.49 The circuits in Fig. 5 with T1.T2
illustrate the modifications to the basic circuit to form a prac-
tical measurement circuit. Figure 5~a! shows the generation
of a thermoelectric emf in a circuit formed by two homoge-
neous but dissimilar metals experiencing a thermal gradient.
The introduction of a third metal in the circuit, as illustrated
in Fig. 5~b!, does not change the thermoelectric emf pro-
duced if there is no net thermal gradient across its junctions.
The circuit shown in Fig. 5~c! uses an extension of the prin-
ciple illustrated in Fig. 5~b! where a conductor that does not
experience a net thermal gradient does not contribute to theicense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Temperature
range
~°C!
Output
~mV/°C! Cost
Stability
over the
temperature
range
specified
Standardized
letter
designation
Common
name Brief description
2262→850 15 at 2200 °C
60 at 350 °C
Low Low T Copper/a copper
nickel alloy
~constantan!
Type T, copper constantan, thermocouples are useful for
the 2250–350 °C range in oxidizing or inert
atmospheres. Above 400 °C the copper arm rapidly
oxidizes. Care needs to be taken to avoid problems
arising from the high thermal conductivity of the copper
arm. As one lead of this thermocouple is copper, there is
no need for special compensation cable. Note that
constantan is a general term for a copper nickel alloy
with between 35% and 50% copper. The thermoelectric
characteristics of each alloy will vary according to the
alloying proportions. Although constantan is used in type
T, J and E thermocouples the actual material for each is
slightly different.
2196→700 26 at 2190 °C
63 at 800 °C
Low Low J Iron/a copper
nickel alloy
~constantan!
Type J thermocouples are commonly called iron
constantan thermocouples and are popular due to their
high Seebeck coefficient and low price. These can be
safely used in reducing atmospheres from 0 up to 550 °C
beyond which degradation is rapid. The maximum
temperature for continuous operation is 800 °C.
2268→800 68 at 100 °C
81 at 500 °C
77 at 900 °C
Low Low to mid E Nickel chromium
alloy ~chromel!/a
copper nickel alloy
~constantan!
Type E, Chromel constantan thermocouples give high
output for the range of 2250–900 °C. They are ideally
suited to temperature measurement around ambient
because of the large Seebeck coefficient, low thermal
conductivity, and corrosion resistance.
2250→1100 40 from 250 to
1000 °C
35 at 1300 °C
Low Low K Nickel chromium
alloy ~Chromel!/nickel
aluminum
alloy ~Alumel!
The type K thermocouple is commonly called Chromel–
Alumel. It is the most commonly used thermocouple and
is designed for use in oxidizing atmospheres. Maximum
continuous use is limited to 1100 °C although above
800 °C oxidation causes drift and decalibration. Note
that the type K thermocouple is unstable with hysteresis
between 300 and 600 °C, which can result in errors of
several degrees.
0→1250 37 at 1000 °C Low Mid to high N Nickel chromium
silicon
~Nicrosil!/nickel
silicon magnesium
alloy ~Nisil!
Type N thermocouples have been developed to address
the instability of type K ~Ref. 39!. These trade linear
response for stability and an algorithm is required for
conversion between the generated emf and temperature.
The voltage temperature curve for type N thermocouples
is slightly lower than that for type K thermocouples.
100→1750 5 at 1000 °C High High B Platinum-30%
rhodium/platinum-6%
rhodium
Type B thermocouples can be used continuously to
1600 °C and intermittently to 1800 °C. However, due to
a local minimum in its thermoelectric emf, this thermo-
couple exhibits a double value ambiguity between 0 and
42 °C. However the emf below 100 °C is very low and
little concern need be given to cold junction com-
pensation.
0→1500 6 from
0 to 100 °C
High High S Platinum-10%
rhodium/platinum
Type S thermocouples can be used in oxidizing or inert
atmospheres continuously at temperatures up to 1400 °C
and for brief periods up to 1650 °C.
0→1600 10 at 1000 °C High High R Platinum-13%
rhodium/platinum
Type R thermocouples give similar performance to type
S, but give slightly higher output and improved stability.thermoelectric emf. This circuit can form the basis of a prac-
tical thermoelectric measuring circuit as shown in Fig. 5~d!
where additional electrical elements are added to monitor the
potential difference. For this circuit to provide meaningful
results the temperature T2 must be known and is often called
the reference junction temperature. In some laboratory con-
ditions, an ice water bath or Peltier cooler is used to maintain
T2 at 0 °C. In the vast majority of applications, however, a
reference junction voltage corresponding to T2 is provided
by an electronic bridge circuit incorporating a resistance tem-
perature device; it is usually, but not always, adjusted toloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP l0 °C. The circuit is mounted at the location of the measuring
instrument’s input terminals where the resistance tempera-
ture device can sense that temperature. The measuring instru-
ment can be a digital voltmeter ~DVM! or the amplifier/
analog digital converter combination of a direct reading ~in
temperature! temperature controller or readout. The input
impedance of the voltage measuring instrument has to be
large compared to the resistance of the thermocouple and its
extension wires. This condition is easily met in practice and
will prevent a significant current from flowing through the
circuit, which could cause other thermoelectric effects and/oricense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Material
Temperature
limit
~°C!
Output ~mV!
at 1000 °C
Oxidizing
atmospherea
Reducing
environmentb Source
SiC–SiC 1760 500 Yes Yes Kinzie ~Ref. 36!
W–CuNi 2200 14.5 No Yes Michalski et al. ~Ref. 43!
W97Re3–W75Re25 2500 18.226 No Yes Michalski et al. ~Ref. 43!
C–C 1760 25 Yes, short time Yes Kinzie ~Ref. 36!, Duffey et al. ~Ref. 44!
C–W 1800a–2500b 32 Yes Yes Kinzie ~Ref. 36!
W–Mo 2400 21.46 No Yes Michalski et al. ~Ref. 43!
SiC–C 1900 300 Yes, short time Yes Kinzie ~Ref. 36!, Duffey et al. ~Ref. 44!
Ir–Rh 2200 5 Yes, short time Yes Michalski et al. ~Ref. 43!, Duffey et al. ~Ref. 44!
W–Re 2300 15 No Yes Duffey et al. ~Ref. 44!, Villamyor ~Ref. 45!
W–Ir 2200 14.25 No Yes Michalski et al. ~Ref. 43!
ZrB2–ZrC 2980 10 Yes Yes Kinzie ~Ref. 36!
CbC–ZrC 3300 fl fl Duffey et al. ~Ref. 44!
aO2 , H2O, CO, or CO2 .
bH2 , Ar, N2 , inert or vacuum.cause an IR drop across the thermocouple and its leads. Volt-
ages produced by metallic thermocouples are not high, gen-
erally about 10–80 mV/°C, however, a DVM with a not un-
common resolution of 10 mV can resolve 0.25 °C for a type
K thermocouple.
Many applications require the thermocouple wires to be
electrically or chemically isolated from the environment or
medium of interest. Examples of insulation materials include
PVC for temperatures between 230 and 105 °C, Teflon for
2273–1250 °C, glass fiber for 250–400 °C, and polyimide
for 2269–400 °C. Alternatively, a metal sheath encapsulat-
ing a mineral insulation such as magnesium oxide which
supports and electrically isolates the thermocouple can be
used to 1250 °C.50 Higher temperatures can be achieved us-
ing all-ceramic sheaths. The external noise effects of electri-
cal and magnetic fields on low emf outputs can be of great
significance. Twisted pair cable can be used to cancel spuri-
ous emfs. Grounding of thermocouple circuits is therefore an
important consideration and was discussed by Benedict and
Russo51 and by Claggett et al.52 The requirements of electri-
cal or chemical isolation and good thermal contact are often
in conflict, giving rise to thermal disturbance errors.
Major contributions to the uncertainty in measurement
FIG. 5. Thermocouple circuit formation ~after Ref. 36!.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lwhen using thermocouples include cable specification, spu-
rious intermediate junctions, cold junction temperature mea-
surement, voltmeter sensitivity, and cable drift.36,37 If a wire
is subjected to high temperatures or stresses the lattice can
become modified. Drift caused by annealing of thermocouple
materials used in high temperature applications is a common
problem. Recalibration may not compensate for this, since
the thermal gradients along the thermoelements in the labo-
ratory calibration may be different from the thermal gradi-
ents in the application.
C. Electrical resistance devices
The temperature dependence of electrical resistance is
fundamental to the operation of many devices. The resistance
of a conductor is related to its temperature because the mo-
tion of free electrons and of atomic lattice vibrations is also
temperature dependent. Any conductor could in theory be
used for a resistance temperature device ~RTD!. But practical
considerations of cost, temperature coefficient of resistance
~a large value leads to a more sensitive instrument!, ability
to resist oxidation, and manufacturing constraints limit
the choice. Copper, gold, nickel, platinum, and silver are
the most widely used. The relevant properties for these ma-
terials are given in Table III. Copper is sometimes used
for the range 2100–100 °C and is relatively cheap. Nickel
and its alloys are also relatively low in cost, and have high
resistivities and high values of temperature coefficient of
resistance. However the variation in electrical resistance
with temperature is nonlinear and sensitive to strain. The
resistivity of platinum is six times that of copper, it is rela-
TABLE III. Values of resistivity ~at 293 K! and temperature coefficient of
resistance for a variety of materials ~Ref. 55!.
Material
Resistivity
~V m!
Temperature coefficient of resistance
~K21!
Copper 1.731028 3.931023
Silver 1.631028 4.031023
Nickel 5931028 6.031023
Platinum 1131028 3.8531023
Gold 2.431028 3.431023icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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temperature coefficient of resistance it is a common choice
for temperatures between 2260 and 962 °C. But some de-
vices are capable of operating beyond this range.53,54 For
cryogenic applications, certain carbon radio resistors make
excellent inexpensive temperature sensors. The resistance–
temperature characteristics of germanium, rhodium–iron al-
loys, and ruthenium oxide make them particularly suitable
for cryogenic applications.
Resistance temperature devices can be highly accurate.
They are also widely used in industrial applications.
The particular design of the sensing element depends on
the application, the required accuracy, sensitivity, and ro-
bustness.
1. Platinum resistance thermometers
The highly accurate devices used for defining tempera-
ture standards must be used in carefully controlled laboratory
conditions.1 These are referred to as standard platinum resis-
tance thermometers ~SPRTs!. They are used in defining the
international temperature scale between the triple point of
hydrogen, 13.8023 K, and the freezing point of silver,
1234.93 K, within an accuracy of 6231023 K at the lower
end of the scale and 6731023 K at the upper end of the
scale.1 These must be manufactured using high purity plati-
num and great care taken to ensure the assembly is strain
free.18 The sensing element for a SPRT typically consists of
a coil of fine gauge ~around 0.075 mm diam! platinum wire
wound onto a structure made from either mica or pure quartz
glass.56,57 SPRTs compatible with ITS-90 are constructed
from platinum with a temperature coefficient of resistance of
3.98631023/K at 273.16 K.18
The strain free designs of a SPRT would not survive the
shock and vibration encountered in the industrial environ-
ment. The industrial platinum resistance thermometer ~IPRT!
typically comprises a platinum wire encapsulated within a
ceramic housing or a thick film sensor coated onto a ceramic
surface. The actual sensing element of an IPRT is further
protected from the environment by a metal ~e.g., Inconel™!
sheath. The achievable accuracy for a commercially avail-
able IPRT is of the order of 60.01–60.2 °C over the range
of 0–300 °C.58
Standards59–61 have been produced for PRTs. The latter
defines two classes of accuracy for PRTs; for T measured in
°C, these are class A devices where the accuracy is within
6(0.1510.002uTu) and class B devices, with accuracy
6(0.310.005uTu).
Platinum has a reasonably linear resistance–temperature
characteristic and assuming a linear relationship for the range
0–100 °C results in an error of less than 0.4 °C at 50 °C.
Standard61 defines a quadratic or cubic for modeling the
temperature–resistance characteristic depending on the tem-
perature range. For example
RT5R0@11AT1BT2# , for 0,T,850 °C, ~6!
RT5R0@11AT1BT21C~T2100!T3# ,
for 2200,T,0 °C. ~7!loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lHowever, for the high precision required in SPRT de-
vices conforming to ITS-90, up to a 15th order polynomial is
necessary.1
Various options are available for measuring the electri-
cal resistance of a RTD depending on the desired accuracy
and some of these are illustrated in Fig. 6. In the fixed bridge
circuit the value of R1 is adjusted until the current flow
through the bridge output, if a galvanometer is used or the
voltage read, is zero. Under these conditions the value of R1
equals the unknown resistance and the temperature can be
determined from a calibration equation, such as Eq. ~6! or ~7!
above. This circuit suffers from inaccuracies in accounting
for lead wire resistance and is not used for accurate measure-
ments. In the three-leg RTD circuit, the lead resistance of the
middle leg is common to both halves of the bridge. Its resis-
tance cancels out when the bridge is balanced and reduces
lead wire error considerably. The four-leg configuration
gives the best performance, eliminating lead wire resistance
uncertainties. With a four-wire RTD, in which two leads are
connected to each end of the sensor, one can connect a con-
stant current supply to two of the leads and use a DVM to
measure the voltage from the sensor’s other two leads. If the
input impedance of the DVM is 100 MV or higher, there is a
negligible loading error from even a 1 kV RTD and negli-
gible lead-wire resistance errors. The output sensitivity for
a 100 V PRT fed with a current of 1 mA will typically be
400 mV/°C at 0 °C. It is possible to use ac supplies
with bridges, potentiometers, and four-wire current/voltage
systems and this has the advantages of easier amplification
and avoidance of spurious dc signals. The inductive ratio
bridge, for example, is an ac method incorporating precision
wound resistors for the ratio arms. It is capable of high ac-
curacy and high stability. Methods using both dc and ac
bridges were reviewed by Wolfendale et al.62 and by
Connolly.63
A SPRT used for interpolating the ITS-90 must be
calibrated at the defined fixed points. Procedures for condi-
tioning the PRT and achieving fixed points were outlined
by Connolly.64 IPRT devices can be calibrated by means
FIG. 6. Resistance temperature device circuits.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Downof comparison with another device or against a number of
fixed points. For temperatures between 240 and 250 °C,
comparison can be made against another thermometer ~for
example, a SPRT! in a stirred liquid bath containing,
say, silicone oil, water, or alcohol, depending on the tem-
perature range. For higher temperatures fluidized beds and
heat pipe furnaces are more suitable. The ice point of water
provides a reference temperature with an uncertainty of
0.002 °C, assuming appropriate procedures are followed.
There is an alternative calibration point ~now preferred!: the
commercially available water triple point cell with its lower
uncertainty.65
Errors inherent with a PRT include self-heating, oxida-
tion, corrosion, and strain of the sensing element. In order to
measure the resistance a current must be passed through the
device and this can result in local heating.50 Minimizing the
current and ensuring good thermal contact between the sen-
sor and surrounding medium reduces self-heating errors.
Platinum although considered relatively stable can oxidize at
elevated temperatures.66,67 The combined effects of changes
in the overall composition of platinum due to oxidation and
thermally induced strain have been investigated by Trietly.68
Errors equivalent to several degrees were reported as a result
of repeated cycling above 500 °C.
The PRT is suitable for use at low temperatures as iden-
tified by its use for the ITS-90 down to 13.81 K. Below 20 K
the sensitivity drops off, but there are other resistance de-
vices with favorable characteristics at low temperatures such
as rhodium iron, doped germanium, and carbon resistors.
Above 30 K, rhodium iron alloy ~0.5% iron in rhodium!
provides a similar resistance–temperature characteristic to
platinum. Below 30 K, the sensitivity drops to a minimum
between 25 and 15 K and then rises again giving a thermom-
eter with good sensitivity at low temperatures.69,70 Germa-
nium resistors are commercially available and have a rela-
tively wide temperature range, 0.05–325 K. Doped
germanium is commonly used with commercial devices,
typically consisting of a chip of the semiconductor encapsu-
lated in a 3 mm diam 8.5 mm long cylinder ~e.g., GR-200A,
from Lake Shore Cryotronics Inc.!. Germanium RTDs are
particularly suitable for temperature measurements in the
range of 0.05–30 K, giving sensitivities of approximately
102 – 104 V/K at 1 K. Certain types of carbon radio resistors
from Allen–Bradley have been identified ~following the
original work of Clement and Quinnell71! as having a useful
resistance–temperature characteristic at low temperatures.
Other RTDs widely used in cryogenics include ruthenium
oxide thick film resistors, Cernox zirconium oxynitride sen-
sors, and carbon glass thermometers, which consist of fibers
trapped in a glass matrix. All three types are commercially
available and were developed to minimize high magnetic
field effects on the thermometers.72–76
2. Thermistors
If accuracy is less critical, then a cheaper form of resis-
tance temperature device than platinum resistance thermom-
eters is the thermistor. Thermistors consist of a semiconduc-
tor whose resistance is sensitive to temperature. Modern
thermistors are usually mixtures of oxides of nickel, manga-loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lnese, iron, copper, cobalt, magnesium, titanium, other met-
als, and doped ceramics. They are manufactured by sintering
particles in controlled atmospheres. Thermistors can have
both positive or negative temperature coefficients. A typical
resistance temperature characteristic is 1 V/0.01 °C. Ther-
mistors are commercially available in bead, disk, rod,
washer, and flake form. Beads as small as 0.07 mm in diam-
eter on leads of 0.01 mm diameter are possible. These de-
vices can be encapsulated in epoxy resin, glass, or be
painted. Stable thermistors are available using mixed metal
oxides for temperatures less than approximately 250 °C. For
temperatures above 300 °C the refractory metal oxide de-
vices are appropriate, while for temperatures of the order of
700 °C, devices utilizing zirconia doped with rare earth ox-
ides can be used. For low temperature applications, nonsto-
ichiometric iron oxides can be used.
To a first approximation the temperature can be deter-
mined from the relationship given in Eq. ~8! as follows:77
RT5R0 expF12BS 1T2 1T0D G , ~8!
where R0 is the resistance at T0 and B is a constant for the
particular thermistor material.
The resistance characteristic of a thermistor expressed
by Eq. ~8! is negative and nonlinear. This can be offset if
desired by using two or more matched thermistors packaged
in a single device so that the nonlinearities of each device
offset each other. Thermistors are usually designated by their
resistance at 25 °C, with common resistances ranging from
470 V to 100 kV. The high resistivity of thermistors negates
the need for a four-wire bridge circuit. The accuracy of these
devices can be as good as 60.01–60.05 °C,78 although com-
mercial applications often result in an accuracy of the order
of 61 °C. The disadvantage of thermistors is their suscepti-
bility to decalibration and drift due to changes in the semi-
conductor materials.
D. Semiconductor devices
For applications in the temperature range of 255–
150 °C where a stable device with an accuracy of about
60.8 °C is desired, a junction semiconductor device can be
useful. Junction semiconductor devices such as transistors
and diodes exhibit temperature sensitive characteristics that
can be exploited for temperature measurement. A band gap
voltage reference79 can be used to generate a temperature
sensing output proportional to absolute temperature. One
such device, the LM335, is a two terminal integrated circuit
temperature sensor that behaves like a Zener diode with a
voltage output of 110 mV/°C. Another device, the LM35,
behaves like a three terminal reference and has an internal
offset so that the voltage is zero at 0 °C, with the device
output being 10 mV/°C and an accuracy of 60.8 °C. The
AD590 is a two terminal device that acts as a constant cur-
rent element passing a current of 1 mA/°C. The temperature
range of these devices is limited by the silicon transistors
used. For the AD590 the temperature range is 255–150 °C.
The advantages of these devices are their linearity, simple
circuitry, and good sensitivity.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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The forward voltage drop across a p – n junction in-
creases with decreasing temperature. For some semiconduc-
tors, the relationship between voltage and temperature is al-
most linear; in silicon this occurs between 400 and 25 K with
a corresponding sensitivity of approximately 2.5 mV/K. The
two most commonly used semiconductors for thermometry
are GaAs and Si. The typical voltage sensitivities for these
devices are illustrated in Fig. 7. For silicon at temperatures
below about 25 K, when the forward voltage approaches 1.1
V, the characteristic function for the voltage temperature re-
lationship changes. As can be seen in Fig. 7, Si diodes give a
lower output than GaAs diodes but have better stability and
are cheaper and more easily interchangeable. Generally rec-
tifying diodes are used and these can be potted in a small
container. Commercial versions are available, for example,
the 1.25 mm in diameter and 0.75 mm high DT-420 device,
from Lake Shore Cryotronics. Zener diodes have also been
used to indicate temperature.80
The virtues of diode thermometers are their low price, a
simple voltage temperature relationship, a relatively large
temperature range ~1–400 K!, no need for a reference bath or
junction, relatively high sensitivity, an accuracy better than
650 mK,81 and simplicity of operation with a constant cur-
rent source and a digital voltmeter. Measurements down to
1 K do however require careful calibration. Errors can occur
if the supply current is not a true dc but has an ac component
due to, say, noise induced in the circuit from improper
shielding, electrical grounds, or ground loops.81 To minimize
FIG. 7. Characteristic voltage temperature relationship for GaAlAs and Si
semiconductors.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lnoise effects, all the instrumentation should be electrically
shielded and proper grounding techniques used.82 The diode
current supply should have a single ground, generally at the
voltmeter, which then requires a floating current source. A
current between 1 and 100 mA can be used but it generally
needs to exceed 10 mA in order to overcome noise problems.
However, this can cause problems associated with self-
heating at very low temperatures.
E. Fiber optic probes
In order to monitor surface temperatures or gas tempera-
tures such as in observing combustion processes it is possible
to use an optical fiber to channel thermal radiation into a
narrow wavelength band from the location of concern to a
measurement sensor.83 Typical fiber optic sensors include
those based upon optical reflection, scattering, interference,
absorption, fluorescence, and thermally generated radiation.
One commercial system marketed consists of a cavity built
onto the end of an optical fiber as illustrated in Fig. 8. The
blackbody emitter is integrated onto the tip of a single crystal
sapphire optical cavity joined to an optical fiber. The cavity
closely approximates a blackbody and the optical fiber trans-
mits the radiant energy to a photodiode or photomultiplier.
This measures the intensity of the radiation emitted at a par-
ticular wavelength and converts the signal using the laws of
radiant emission. These devices can measure temperatures
from above 100 °C to approximately 4000 °C. Different
methods for various applications are available: phosphor
tipped fiber optic temperature sensors for the measurement
of blackbody radiation and interferometric sensors for the
measurement of phase differences between transmitted and
received laser light.84 The accuracy of these devices is de-
pendent on the type of sensor used. For a sapphire rod device
at 1000 °C,85 an accuracy of 1 °C is reported, but the accu-
racy is limited to the accuracy of the temperature standard.
For high temperature probes ~100–1600 °C!, Ewan86 has re-
ported on the design of two types: a water-cooled low tem-
perature fiber and an all ceramic construction probe. A book
by Grattan and Zhang87 serves as a comprehensive introduc-
tion to this technology.
F. Capacitance thermometers
The electric permittivity of certain materials such as
strontium titanate can be highly dependent on temperature
over a certain range. A practical sensor can be formed fromFIG. 8. Fiber optic temperature probe for a thin
film blackbody sensor ~Accufiber/Luxtron Inc.! or a
Fabry–Pe´rot interferometric encapsulated sensor.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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few nanofarads! and lead wires to a bridge circuit energized
at approximately 100 V. Capacitance thermometers provide
good sensitivity below 100 K but the output voltage becomes
irreproducible after thermal cycling, so calibration against
another type of sensor is often necessary. Capacitance ther-
mometers do however exhibit virtually no magnetic field de-
pendency. They are thus useful as control devices in high
magnetic fields where other types of device may fail or pro-
duce erroneous signals.88 The permittivity–temperature char-
acteristics have been studied for a variety of materials.89–97
Commercial devices are available from Lake Shore Cryoton-
ics Inc.
G. Noise thermometry
The fundamental principle exploited in noise thermom-
etry is the random voltage generated by Brownian motion of
conduction electrons.98,99 The method, the measurement of
the mean square Johnson noise voltage across a resistor, rep-
resents one of the few practical alternatives to gas thermom-
etry for the precise determination of thermodynamic tem-
perature. The sophistication required for the instrumentation
to do this has limited the technique to mostly standards labo-
ratory applications. This is in part due to the small value of
noise voltages ~for T51 K, 7 mV across a bandwidth of 2p
MHz, with R51 MV!100 and also the need to eliminate or
compensate for other types of noise. Except at low tempera-
tures the accuracy obtained from noise thermometry does not
match that from other, often easier, methods such as the
RTD.
In principle the temperature range of application of noise
thermometry is wide, from a few mK to over 1500 °C. The
type of circuitry used depends on the temperature range and
was reviewed by Kamper,101 by Blalock and Shepard,102 and
by White et al.103 For low temperature measurements, at less
than 1 K, two types of absolute noise thermometers have
proved useful according to Soulen et al.104 Both measure the
noise voltage generated by a resistor using a superconducting
quantum interference device ~SQUID!. In one type the resis-
tor is inductively coupled to the SQUID. In the other, a re-
sistive SQUID ~RSQUID!, the resistor is connected directly
across a Josephson junction ~two superconductors separated
by a thin insulating layer!. Menkel et al.105 reported on
the use of a RSQUID device for temperatures up to 4.2 K;
Macfarlane et al.106 have for the range of 10–50 K.
Above 273.15 K there are two options. The first com-
pares the measured open-circuit Johnson noise voltage ~at
the unknown temperature! across a sensing resistor to that of
a reference resistor. In the second, the temperature is ob-
tained by measuring the open-circuit Johnson noise voltage
and the short circuit Johnson noise current.102
H. Quartz thermometers
The phenomenon utilized in quartz thermometers is the
highly reproducible variation of the natural vibration fre-
quency of piezoelectric quartz samples.107 Agatsuma
et al.108,109 have reported the packaging of a YS cut crystal inloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP la small thermometer and Hewlett Packard has produced a
commercial quartz thermometer ~model 2804 A!.
I. Paramagnetic and nuclear magnetic resonance
thermometry
For many materials the magnetic susceptibility, defined
as the ratio of magnetization to the applied magnetic field,
varies inversely with temperature as defined by
x5
C
T , ~9!
where x is the susceptibility, C is the so-called Curie con-
stant, and T is the absolute temperature. The procedure used
in paramagnetic thermometry involves placing an appropri-
ate sample of material, which is in close thermal contact with
the medium of interest, between the coils of a mutual induc-
tance bridge. A Hartshorn mutual inductance bridge was
used by Durieux et al.110 More recently a ratio-transformer
version has been utilized.111 The sample must be a paramag-
netic material such as cerium magnesium nitrate ~CMN!,
chromic methyl ammonium ~CMA!, or manganous ammo-
nium sulfate ~MAS!. CMN is the most common and is useful
at temperatures up to 4.2 K and in particular for the measure-
ment of 3He and 4He temperatures, ~see e.g., Refs. 112–
115!. Klemme et al.116 reported on the development of new
materials, PdMn and PdFe, that allow high resolution mea-
surements in the range 1.5–3 K with application to measure-
ments in outer space. The reproducibility of this method can
be better than 0.5 mK below 50 K with an uncertainty of 1
mK in the range of 18–54 K.117 The overall uncertainty also
depends on the bridge circuitry and the stability and accuracy
of the associated constants. Cetas117 has demonstrated this
method for measuring temperatures up to 90 K.
III. SEMIINVASIVE TEMPERATURE MEASUREMENT
TECHNIQUES
Some temperature measurement scenarios permit the ap-
plication of a temperature sensitive material to a surface. The
variations in optical properties of the surface coating can
then be observed remotely. These surface coating methods
are classed as semi-invasive here since the technique in-
volves modification of the component of interest and there-
fore some disturbance to the temperature field. A number of
heat sensitive materials exist, including thermochromic liq-
uid crystals, heat sensitive crystalline solids and paints, and
thermographic phosphors.
A. Thermochromic liquid crystals
Liquid crystals have proved useful for experimental in-
vestigations and medical applications where the range of
temperature variation of interest is limited. Liquid crystals
are substances with a molecular structure intermediate be-
tween that of a crystalline solid and an isotropic liquid. They
possess some of the mechanical properties of liquid and the
optical properties of crystalline solids. Of particular rel-
evance to heat transfer studies are the cholesteric ~or chiral
nematic! liquid crystals, which are optically active since they
react to changes in temperature and shear stress by reversibleicense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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called thermochromic liquid crystals. Due to their organic
nature, they degrade when exposed to ultraviolet ~UV! light
and are prone to chemical contamination. The practical solu-
tion to this problem, one adopted by manufacturers, is to
encapsulate the crystals in polymer spheres. The encapsu-
lated thermochromic liquid crystals are commercially avail-
able in the form of a water-based slurry that can be painted
or applied with an airbrush to the surface of interest.
The observed color of a liquid crystal is a function of
several variables including the orientation of the crystals, the
spectral nature of the light illuminating the surface, and the
spectral response of the sensing device. The molecular ori-
entation of thermochromic liquid crystals is altered by tem-
perature and manifests itself in a variation of the spectral
reflectivity. The colors can be recorded by means of a video
camera and can be stored in terms of the primary colors: red,
green, and blue ~RGB!. The frames can later be digitally
analyzed using a computer and frame grabber and the data
converted from RGB to values of hue, saturation, and inten-
sity ~HSI!. Comparison of the hue values with calibration
results gives the surface temperature for each pixel location.
Descriptions of thermochromic liquid crystal techniques ~ap-
plication, calibration, the recording and measuring systems,
and the analysis! have been given by Camci,118 by Hippen-
steele et al.,119 and by Baughn.120
The data reduction technique for thermochromic liquid
crystals was detailed by Ireland et al.121,122 The rate of ther-
mal response of crystals, which is dependent of their viscos-
ity, can be of the order of 5 ms to seconds.123 The accuracy
of liquid crystals is the subject of debate; an accuracy of
61 °C for the range of 240–283 °C is quoted by Michalski
et al.43
B. Thermographic phosphors
Thermographic phosphors can be used to indicate tem-
peratures from cryogenic levels to 2000 °C. The technique
exploits the thermal dependence of phosphor fluorescence
and generally involves depositing a thermographic phosphor
such as Y2O3:Eu on a surface and observing it remotely via
an optical detection system. This technique can offer sensi-
tivities of 0.05 °C and an accuracy of 0.1%–5% of the Cel-
sius temperature reading.124 One of the merits of this tech-
nique is its independence of emissivity. The feasibility of
employing thermographic phosphors on a rotating turbine at
up to 10 500 rpm and a maximum temperature of 1000 °C
has been demonstrated by Tobin et al.125
C. Heat sensitive paints
If an application merely requires an indication of the
maximum temperature attained, then the use of nonreversible
heat sensitive crystalline solids may be suitable.126 At a par-
ticular temperature these melt. They are commercially avail-
able in a variety of forms including crayons, pellets, and
paints and have been used for indicating temperatures on gas
turbine blades and in rocket motors for several decades.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lPaints are available for continuous operation at temperatures
from 120 to 400 °C or discontinuous use from 40 to 1350 °C.
The accuracy is approximately 65 °C.
IV. NONINVASIVE TEMPERATURE MEASUREMENT
TECHNIQUES
Invasive or contact instrumentation must be capable of
survival at the temperature concerned. In high temperature or
chemically reactive applications such as flames or plasmas,
invasive instrumentation can degrade with time; above the
material limits, it can disintegrate completely. Noninvasive
methods are not bound by this constraint. In addition nonin-
vasive instrumentation can be useful in determining the tem-
perature of moving components without the need for telem-
etry or slip-ring systems. Both temperature measurements at
a point and the variation over a region, by scanning, can be
made. Most noninvasive techniques measure temperature
from the electromagnetic spectrum. Infrared devices are sen-
sitive to that part of the spectrum. Optical techniques such as
absorption and emission spectroscopy, scattering and lumi-
nescence, according to Gallery et al.,127 are sensitive in the
visible region mostly because lasers are used as part of the
system. One notable exception is acoustic temperature mea-
surement, which relies on the measurement of the speed of
sound. Some optical techniques are highly expensive, requir-
ing a laser, high quality optics, and specialized data acquisi-
tion equipment.
A. Infrared thermography
Temperature measurement systems based on monitoring
thermal radiation in the infrared spectrum are useful for
monitoring temperatures in the ranges from 50 to 6000 K.
An infrared measurement system comprises the source or
target, the environment, the medium through which the radi-
ant energy is transmitted, usually a gas, and the measurement
device. The measurement device may include an optical sys-
tem, a detector, and a control and analysis system.
FIG. 9. Planck’s distribution.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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DownAll matter emits radiant energy or thermal radiation as a
consequence of its absolute temperature. The known electro-
magnetic spectrum extends from gamma rays with wave-
lengths of the order 10212 m, x rays, ultraviolet, visible light,
and infrared to microwaves and radio waves with wave-
lengths of hundreds of meters. The portion of the spectrum
extending from approximately 0.1 to 100 mm which includes
a portion of the UV, the visible, and the infrared spectrum, is
given the term thermal radiation. Within this band only
0.7–20 mm is used in most temperature measurements be-
cause the devices available are not sensitive enough beyond
about 20 mm.
The variation of thermal radiative power with wave-
length for a blackbody is given by Planck’s distribution, Eq.
~10!, and is illustrated in Fig. 9 for blackbody temperatures
between 50 and 6000 K.
El ,b5
2phc2
l5@exp~hc/lkT !21# ~W/m
3!. ~10!
The fraction of blackbody emission in a spectral band
between l1 and l2 is given by
*0
l2El ,bdl2*0
l1El ,bdl
sT4 . ~11!
Equation ~11! is useful in determining the proportion of
blackbody emission between two wavelengths. This informa-
tion can then be used to determine whether a particular de-
tector has an appropriate spectral sensitivity and whether the
optical path transmits this radiation. Radiation detectors can
be broadly grouped into three categories: disappearing fila-
ment optical pyrometers, thermal detectors, and photon or
quantum detectors.
The disappearing filament optical pyrometer is similar to
a refracting telescope, the difference being that an electri-
cally heated tungsten filament is placed in the focal plane of
the objective lens and a red filter is located between the lamp
and the eyepiece.128 The pyrometer is sighted on the target
and the image is formed in the same plane as the lamp fila-
ment. The magnified image of the lamp filament is superim-
posed on the target. By adjusting the current through the
filament, its luminance or brightness can be matched to that
of the target. The red filter ensures that the image is nearly
monochromatic so no color difference is observed and the
image appears to disappear against the target. By viewing a
blackbody at known temperatures calibration of the device
can be obtained. The accuracy of commercial devices can be
61 °C at 775 °C and 65 °C at 1225 °C. For temperatures
above 1300–1400 °C, a gray absorbing filter may be placed
between the lamp and the objective lens to extend the range.
Thermal detectors convert the absorbed electromagnetic
radiation into heat energy, causing the detector temperature
to rise. This can be sensed by its effects on certain physical
properties, such as electrical resistance used by bolometers,
thermoelectric emf, used by thermocouple and thermopile
detectors, and electrical polarization used by pyroelectric de-
tectors. The principal application of thermal detectors is for
measurement of low temperatures where there is limited ra-
diant flux and the peak of the Planck curve is well into theloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP linfrared. Thermal detectors offer wide spectral response by
detecting the emitted radiation across the whole spectrum at
the expense of sensitivity and response speed. For higher
temperatures, devices with a narrower spectral bandwidth are
more suitable.
Bolometers are thermal detectors in which the incident
thermal radiation produces a change in temperature of a re-
sistance temperature device, which may be a RTD or a ther-
mistor. Bolometers can however be comparatively slow with
time constants of 10–100 ms. An alternative to the use of a
resistance temperature device in a thermal detector is to use a
thermopile. A thermopile consists of a number of series-
connected thermocouples arranged such that the local heat
flux generates a temperature difference between each pair of
thermocouple junctions. In an infrared thermal detector, the
thermopile is arranged so that half of the junctions are main-
tained at a constant temperature by being in contact with a
component with relatively large thermal inertia. The radiant
energy heats the other junctions, generating a thermoelectric
emf.
Pyroelectric detectors are manufactured using crystal
wafers such as triglycerine sulfate or lithium tantalate, which
produce surface electric charges when heated. The electrical
signal corresponds to the removal of charge by conducting
electrons deposited on the crystal. A change in the tempera-
ture of the crystal due to the absorption of radiation in a
certain time period produces a change in the polarization
charge. The detector produces an electrical signal propor-
tional to the rate of change of charge and therefore cannot be
used to measure a continuous heat flux. However, addition of
a mechanical chopper system allows steady state flexibility
with the chopper being used to interrupt the radiation from a
target at a fixed frequency. Types include blackened and mir-
ror choppers. Pyroelectric detectors have a wide spectral re-
sponse similar to bolometers and thermopiles but have a
faster response time. The accuracy of these devices is good,
of the order of 0.2% over the temperature range.
Quantum, photon, or photoelectric detectors measure the
direct excitation of electrons to conduction states by incident
photons. Types of quantum detector include photoemissive,
photoconductive, and photovoltaic. Photon detectors respond
to individual photons by releasing or displacing electrical
charge carriers by the photoelectric effect ~vacuum photo-
cells, photomultipliers!, photoconductive effect, photovoltaic
effect, or photoelectromagnetic effect. Photon detectors have
TABLE IV. Commonly used infrared detector materials.
Material Wave band ~mm! Source
Al2O3 0.2–5 Michalski et al. ~Ref. 43!
CaF2 0.13–9.5 Hackforth ~Ref. 129!
Ge 1–12 Michalski et al. ~Ref. 43!
InAs 1–3.8 http://www.egginc.com
InSb 1–5.5 http://www.vigo.com
KBr 0.2–32 Hackforth ~Ref. 129!
KCl 0.21–25 Hackforth ~Ref. 129!
PbSe 2–5 http://www.rmtltd.ru
SiO2 0.2–4 Michalski et al. ~Ref. 43!
TiO2 0.4–5.2 Hackforth ~Ref. 129!
ZnS 8–12 http://www.mortoncvd.comicense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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have faster response. Quantum detectors are not perfect how-
ever because some of the incident photons are not absorbed
or are lost and some excited electrons return to the ground
state.
As listed in Table IV, there are infrared detectors that are
sensitive across the range of the thermal radiation spectrum.
The sensitivity of a detector decreases with the area that
receives photons. In addition the sensitivity of photon detec-
tors varies with wavelength. As indicated in Fig. 9, at a given
temperature the majority of the radiation emitted from a
body occurs across a finite band of wavelength. Depending
on the temperature range to be observed the detector and the
spectral characteristics of the optics can be chosen so that
their sensitivity matches this. The required spectral range of
a detector dictates the type of material to be used. Quantum
detectors are more spectrally selective, more sensitive, and
faster than thermal detectors.130–132
Thermography or thermal imaging involves determining
the spatial distribution of thermal energy emitted from the
surface of an object. This technique allows mapping of the
temperature distribution and can be used in conjunction with
software analysis to provide quantitative information. Ther-
mographic techniques are used in the detection of body tem-
peratures, satellite imaging, and in automatic guidance sys-
tems. One commercial system ~available from Infratech! has
a range of 230–2000 °C with a sensitivity of 0.05 °C and an
accuracy of 60.5% of the full range, although the accuracy
can be improved with detailed knowledge of the target and
environment emissivities.
The principal criteria to be considered in the selection of
an individual infrared temperature measurement system in-
clude the temperature range, atmospheric conditions, spectral
sensitivity range, optical signal strength, desired signal level,
maximum acceptable noise, cooling constraints, the spectral
pass band, field of view, the resolution, speed of response,
stability, the reference standard, geometry, and cost accord-
ing to DeWitt and Nutter.133
Noise or random fluctuations present in detectors place
limitations on the lower limit of the temperature range and
affect the overall precision. The noise can be considered to
arise from two sources: detector noise originating in the de-
tector itself and radiation noise due to the random variations
in the rate at which a heated surface emits photons. The noise
equivalent power gives an indication of the smallest amount
of radiation that can be detected and is equal to the amount
of incoming radiation required to produce a signal equal to
the noise. The accuracy of a radiation thermometer depends
on attenuation of the radiation between the target and the
thermometer, background radiation reflected from the target
FIG. 10. Schlieren method for determining gas temperature.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP land detected by the thermometer, uncertainty of the target
emissivity, and errors caused by the thermometer itself. In
order to reduce the effect of uncertainty in the emissivity on
the temperature measurement, a narrow bandwidth is
desirable.134
B. Refractive index methods
In compressible flows the density varies with velocity
sufficiently to give measurable results in the variation of the
refractive index, and the temperature can be inferred from
this. For incompressible flows, such as free convection,
where the velocity is relatively low, the density and hence
refractive index are directly related to temperature. Methods
for observing this density variation include schlieren, shad-
owgraph, and interferometry techniques. In these methods,
light and dark patterns are formed by the bending of light as
it passes through a region of varying density.
A typical arrangement for schlieren photography is illus-
trated in Fig. 10. Here a light source such as an arc lamp is
focused onto one edge of a wide slit and through the gas or
flame normal to the plane of flow. A camera behind a second
knife edge is focused onto the test object and can record
deviation of the light due to changes in the refractive
index.135,136 The range of measurement is approximately
from 0 to 2000 °C, with a sensitivity of the order of 0.1 °C
and an accuracy of 10% of the range. Tomographic or tem-
perature mapping utilizing schlieren methods has been re-
ported by Schwarz.137 In the shadowgraph method, the linear
displacement of a perturbed light beam is observed, rather
than the angular deflection as in the schlieren method.135 In
the interferometry technique, Fig. 11, two parallel beams of
light are split and one pair is passed through the region of
interest. The other pair follows an equivalent path but avoids
this test section. The splitter near the screen is used to project
the beams onto it for optical recording. Light and dark pat-
terns are formed as a result of phase shifts between the in-
terference and measuring beams.
C. Absorption and emission spectroscopy
A useful technique for mapping the temperature distri-
bution in flames or gases, described by Hall and Bonczyk138
and Uchiyama et al.,139 at high temperatures is absorption or
emission spectroscopy. Atoms will emit electromagnetic ra-
FIG. 11. Interferometry technique for gas temperature measurement.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Downdiation if an electron in an excited state makes a transition to
a lower energy state. The band of wavelengths emitted from
a particular species or substance is known as the emission
spectrum. Emission spectroscopy involves measurements of
this emission spectrum and can be achieved by utilizing an
atom cell, a light detection system, a monochromator, and a
photomultiplier detection system.140 Conversely atoms with
electrons in their ground state can absorb electromagnetic
radiation at specific wavelengths; the corresponding wave-
lengths are known as the absorption spectrum. Absorption
spectroscopy relies on measurements of the wavelength de-
pendence of the absorption of a pump source such as a tun-
able laser due to one or more molecular transitions. In order
to evaluate the temperature, it is necessary to fit the observed
spectrum to a theoretical model, which normally involves
prior knowledge of molecular parameters such as oscillator
strength and pressure broadened linewidths. The temperature
can then be calculated from the ratio of the heights of two
spectral lines utilizing the Boltzmann distribution. The typi-
cal accuracy for these techniques is of the order of 15% of
the absolute temperature.
D. Line reversal
The line reversal method, Fig. 12, can be used to mea-
sure the static temperature of a gas in the temperature range
from approximately 1000 to 2800 K with an accuracy of
approximately 615 K. Applications have included combus-
tion chambers, flames, rocket exhausts, and shock waves. A
comparison continuum of known brightness temperature is
allowed to pass through the gas of interest and compared
with the spectral line. If the temperature of the gas is less
than the temperature of the brightness continuum, then the
line will appear in absorption, that is, dark against the back-
ground. If the temperature of the test section is higher than
the comparison brightness temperature, the spectral line will
appear in emission or bright against the background.136,141
The temperature of the gas can be determined by adjusting
the temperature of the brightness continuum until a reversal
of brightness occurs.
E. Spontaneous Rayleigh and Raman scattering
An alternative technique for monitoring temperature in
gases is the observation of spontaneous Rayleigh and Raman
scattering. Scattering in this context is the absorption and
re-emission of electromagnetic radiation by atoms and mol-
ecules. Rayleigh scattering is the elastic scattering of light by
molecules or very small particles less than about 0.3 mm in
size. Rayleigh scattering can be used to measure the density.
If the pressure is constant, then the temperature can be de-
rived from the ideal gas law or by resolving the Doppler
FIG. 12. Line reversal technique for gas temperature measurement.loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP llinewidth of the scattering.142 Rayleigh spectra can be ob-
tained using continuous wave and pulsed lasers to excite the
flow. In Rayleigh scattering, the collected signal will typi-
cally be a factor of 109 smaller than the pump signal from
the laser, making it susceptible to corruption by other pro-
cesses such as Mie scattering, optical effects, and back-
ground radiation. Also, in order to analyze the spectra, it is
usually necessary to know the individual concentrations of
the species in the flow. The range and accuracy for Rayleigh
scattering are 20–2500 °C and 1% of the Celsius reading,
respectively. Applications have included plasmas,143 com-
bustor flames,144 sooting flames,145 and supersonic flows.146
If a molecule is promoted by incident radiation from the
ground state to a higher unstable vibrational state, it can
either return to the original state, which is classified as Ray-
leigh scattering as discussed above, or to a different vibra-
tional state, which is classified as Raman scattering. This
latter form of scattering gives rise to Stokes lines on the
observed spectra.147 Alternatively, if a molecule is in an ex-
cited state, it can be promoted to a higher unstable state and
then subsequently return to the ground state. This process is
also classified as Raman scattering and gives rise to an anti-
Stokes line on the observed spectrum. Raman scattering in-
volves the inelastic scattering of light from molecules. There
are two basic methods for determining the temperature by
Raman scattering: the Stokes Raman method and the Stokes
to anti-Stokes ratio method. The Stokes Raman method is
based on measurements of the density of the nonreactive
species assuming uniform pressure and ideal gas conditions.
The Stokes to anti-Stokes ratio method involves measure-
ment of the scattering strengths of the Stokes to anti-Stokes
signals of the same spectral line. The temperature can then
be calculated utilizing the Boltzmann occupation factors for
the lines in question.148 This process is generally only suit-
able for high combustion temperatures due to the relative
weakness of the anti-Stokes signal.149 The uncertainties in
temperature measurement utilizing Raman spectroscopy
were discussed by Laplant et al.150 Figure 13 illustrates the
experimental setup for measuring temperature by scattering
methods. The range and accuracy for Raman scattering are
approximately 20–2230 °C and 7%, respectively. Applica-
tions have included reactive flows,151 flames,152 and atmo-
spheric temperature observation.153
FIG. 13. Schematic of the usual experimental setup for the measurement of
temperature by scattering methods ~Ref. 154!.icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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DownFIG. 14. Coherent anti-Stokes Raman scattering ~a!
after Ref. 164 and ~b! after Ref. 154.F. Coherent anti-Stokes Raman scattering
Coherent anti-Stokes Raman Scattering ~CARS! in-
volves irradiating a gas or flame with two collinear laser
beams, a pump beam at frequency v1 and a probe beam at
v2 . The temperature range of this method is from 20 to
2000 °C and the accuracy is approximately 5%. The pump
and probe beam frequencies v1 and v2 are such that v1 – v2
is equal to the vibrational frequency of a Raman active tran-
sition of the irradiated molecules, so that a new source of
light will be generated in the medium. This beam consists of
monochromatic plane waves superposed onto the pump
beams with a frequency of 2v1 – v2 . It is generated as the
result of scattering of the probe laser beam by the gas mol-
ecules that are being driven synchronously and coherently by
the pump beam. As the signal appears on the high frequency
side of the pump, i.e., an anti-Stokes spectrum, and because
it is observable only if the molecular vibrations are Raman
active, this generation mechanism is called coherent anti-
Stokes Raman scattering.155 CARS permits noninvasive local
temperature measurement in gases, flames, or plasmas.156
Since temperature is related to the rotational state of the mol-
ecules, the anti-Stokes lines increase in intensity with in-
creasing temperature. This is caused by photon–molecule
collisions in which the incoming photon captures some rota-
tional energy from the molecule and arrives at the detector
with higher energy and hence higher frequency. A schematic
diagram of a CARS system is shown in Fig. 14. It uses a
Nd:YAG laser, which is split to provide a pump beam and
also to pump a dye laser to generate the second tunable
beam. More recent applications have utilized a XeCl excimer
laser in place of the Nd:YAG laser because the former gives
increased flexibility in the laser repetition rate, which can be
moderated to match periodicity in the application, for ex-
ample, engine speed. CARS is generally suitable to highly
luminous or particulate laden systems. Applications have in-
cluded flames,157,158 spark ignition engine combustion
chambers159 combustion and plasma diagnostics,160 jet en-loaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lgine exhausts,161 low pressure unsteady flows,162 and super-
sonic combustion.163
G. Degenerative four wave mixing
Degenerative four wave mixing ~DFWM! is similar to
CARS but has three input beams. The difference is that all
three, and hence the output signal as well, have the same
frequency. Advantages over CARS are that phase matching
conditions are satisfied, the process is Doppler free, beam
aberrations are lower, and signal levels are greater. The use
of this technique for measuring flame temperatures was re-
ported by Herring et al.165
H. Laser-induced fluorescence
Laser-induced fluorescence ~LIF! is the optical emission
from atoms or molecules that have been excited to higher
energy levels by absorption of laser radiation.166,167 It is used
to measure concentration and local temperature in flames by
exciting molecules and atoms in specific species, for ex-
ample, NO, SiO, OH, N2 , and O2 . The range of application
of LIF is between 200 and 3000 K and the accuracy of the
method is approximately 65% at 2000 K. The excitation
source for molecular LIF is typically a tunable dye laser in
the visible spectral region ~700–900 nm!. Studies in the near
ultraviolet ~400–10 nm! and near infrared ~700–1215 nm!
are becoming more common as near-infrared lasers and
frequency-doubling methods improve. LIF has been applied
extensively to combustion measurements in flames168 and the
density in an engine cylinder at different locations was mea-
sured by Andresen et al.169 to infer the temperature field
from an analysis of the number and type of molecular colli-
sions. LIF was used to analyze the liquid-phase temperature
in diesel sprays by Megahed.170 A semi-invasive LIF tech-
nique for the measurement of surface temperatures by em-
bedding crystals of a temperature sensitive phosphor into the
surface of a material was described by Goss et al.171icense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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DownTABLE V. Guide to temperature measurement technique identification ~N/A—not available!.
Method
Minimum
temperature
~°C!
Maximum
temperature
~°C! Response
Transient
capability Sensitivity Accuracy
High
signal
Stability/
repeatability
Low
thermal
disturbance
Commercially
available
Relative
Cost
Gas thermometer about 2269 700 Slow No fl A standard Yes Yes No No Very high
Liquid-in-glass
thermometer
2200 600 Slow Yes 1 °C 60.02–610 °C ~ind!
60.01 °C ~lab!
Yes Yes No Yes Very low
Bimetallic strip 273 540 Medium Yes fl 61 °C Yes Yes Yes Yes Low
Thermocouple 2270 2300 Very fast Yes 610 mV/°C 60.5–62 °C No Yes Yes Yes Very low
Suction pyrometer 2200 1900 Very fast Yes fl 65 °C of reading Yes Yes No Yes Mid to high
Electrical resistance
device
2260 1064 Fast Yes 0.1 V/°C The standard above 13 K Yes Yes Yes Yes Mid to low
Thermistors 2100 700 Fast Yes 10 mV/K 60.01–60.05 °C Yes Yes Yes Yes Mid to low
Semiconductor devices 2272 300 Very fast Yes 61% 60.1 °C Yes Yes No Yes Low
Fiber optic probes 2200 2000 Fast Yes 10 mV/°C 0.5 °C Yes Yes Yes Yes Mid to high
Capacitance 2272 2170 Fast Yes Good Poor Yes No Yes Yes Mid
Noise 2273 1500 Fast Yes Good Good No Yes Yes No High
Chemical sampling 5 2100 Slow No fl 625 K No Yes No Yes Mid
Thermochromic liquid
crystals
240 283 Medium Yes 60.1 °C 61 °C fl Yes Yes Yes Low to Mid
Thermographic
phosphors
2250 2000 Very fast Yes ;0.05 °C 0.1%–5% Yes Yes Yes Yes High
Heat sensitive paints 300 1300 Slow No fl 65 °C Yes Yes Yes Yes Mid
Infrared thermometer 240 2000 Very fast Yes ;0.1 °C 62 °C Yes Yes Yes Yes Very high
Two color 150 2500 Very fast Yes 1 °C/mV 61%~610 °C! Yes Yes Yes No Very high
Line scanner 100 1300 Very fast Yes fl 62 °C Yes Yes Yes Yes Very high
Schlieren 0 2000 Fast Yes N/A N/A Visual Yes Yes Yes Mid
Shadowgraph 0 2000 Fast Yes N/A N/A Visual Yes Yes Yes Mid
Interferometry 0 2000 Fast Yes N/A N/A Yes Yes Yes Yes High
Line reversal 727 2527 Very fast No Line of sight avg. 610–15 K Yes Low
Absorption
spectroscopy
20 2500 Very fast No Line of sight avg 15% Yes Yes Yes Yes Low
Emission spectroscopy 20 2700 Very fast Yes Line of sight avg. 15% Yes Yes Yes Yes Low
Rayleigh scattering 20 2500 Very fast No 0.1 mm3 in 100 °C 1% Yes Yes Yes No Very high
Raman scattering 20 2227 Very fast No 0.1 mm3 in 100 °C 7% Yes Yes Yes No Very high
CARS 20 2000 fast 1 mm3 in 50 °C 5% Yes at atm Yes Yes Very high
Degenerative four
wave mixing
270 2600 Very fast Yes 1 mm3 in 50 °C 10% Yes at atm Yes No Very very high
Luminescence 20 200 fast Yes 1.5 nm in 200 °C 65 °C Yes Yes Yes No High
LIF 0 2700 Very fast No fl 10% Yes Yes Yes No Very high
Speckle methods 27 2100 Very fast No fl 6% Yes Yes Yes No Very high
Acoustic
thermography
2269 2000 Very fast Yes fl 4% Yes Yes Yes No HighI. Speckle methods
Speckle photography has been used for gas temperature
measurements and provides a line of sight average tempera-
ture gradient in any direction. Two sheared images of the
object are superimposed to produce an interference pattern
using a diffractive optical element as a shearing device. With
such a device, it is possible to split light beams into different
sets of subbeams. The range of application is from 20 to
2100 °C and the accuracy is approximately 6% of the Celsius
reading. The speckle method was used by Farrell and
Hofeldt172 to examine a cylindrical propane flame at gas tem-
peratures up to 2000 °C.
Speckle shearing interferometry can be used to calculate
the entire thermal field of a gaseous flame. This provides the
line of sight average temperature gradient in the direction
normal to a line connecting the two apertures of the imaging
system. The contours seen are at a constant temperature gra-
dient in one direction only. The temperature range of appli-
cation is from 0 to 1200 °C and the accuracy level achievedloaded 25 Sep 2010 to 155.198.71.179. Redistribution subject to AIP lis 60.15% of full scale. The use of this method was analyzed
by Shakher and Nirala173 for a flame up to 1200 °C. A thor-
ough review of speckle photography and its application is
given by Erf.174
J. Acoustic thermography
Acoustic thermography175–177 can be used to measure
the temperature of a fluid or solid surface. The technique has
traditionally been used at low temperatures, 2.5–30 K, but
can be used at up to 1000 °C. For gases, the method is based
on the thermodynamic relationship between the speed of
sound and the static temperature of a gas: u5AgRT . In
principle gas temperatures can be determined by the mea-
surement of the transit time of a sound signal between a pair
of acoustic transducers at a known separation distance.
In general the two techniques used for measurement in
the three media, gas, liquid, and solid, are introducing a sen-
sor into the medium to be measured and using the mediumicense or copyright; see http://rsi.aip.org/about/rights_and_permissions
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Downitself as the sensor. Acoustic thermometry has been used to
detect changes in ocean temperature by receiving low-
frequency sounds ~below 100 Hz! transmitted across an
ocean basin.178 In liquids the speed of sound is related to the
bulk modulus by (K/r)1/2. The velocity of sound in different
liquids was tabulated by Lynnworth and Carnevale.179 In a
solid, the speed of sound is related to the Young’s modulus
for the material by (E/r)1/2. This technique can be used to
monitor temperature in rapid thermal processing where an
electric pulse across a transducer generates an acoustic wave
guided by a quartz pin.180 This results in the generation of
Lamb waves ~a type of ultrasonic wave propagation in which
the wave is guided between two parallel surfaces of the test
object!, which propagate across the medium. Temperatures
can be measured from 20 to 1000 °C ~with a proposed use up
to approximately 1800 °C! with an accuracy of 65 °C.181
V. SELECTION
Considerations in the selection of a method and of the
associated equipment to suit a particular application include
temperature range, likely maximum temperature, heating
rate, response, accuracy, stability, sensitivity, ruggedness,
service life, safety, environment, and contact methods. The
selection of an appropriate technique requires an apprecia-
tion of a wide range of different technologies, what is pos-
sible, and what is available. The brief descriptions and ref-
erences given in Secs. II–IV are intended to serve this
purpose. The specific requirements of an application can
limit the choice of suitable instrumentation. Some applica-
tions, for example, preclude the use of invasive instrumenta-
tion. Sometimes a full field temperature map may be re-
quired; alternatively, point temperature measurements may
be acceptable. Accuracy may or may not be worth the invest-
ment in equipment. The information given in Table V, which
is based on a wide range of common selection criteria, can be
used to assist in the initial choice of an appropriate tech-
nique.
For general references providing further information on
temperature measurement the proceedings from the more re-
cent symposium series on Temperature: Its Measurement and
Control in Science and Industry are recommended,182–185
along with information provided by Quinn42 and by
Bentley.186 The related subject of heat flux measurement was
reviewed by Childs et al.187
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